The subject of the present research is the water storage capacity of bark of seven forest tree species: Pinus sylvestris L., Larix decidua Mill., Abies alba Mill., Pinus sylvestris L., Quercus robur L., Betula pendula Ehrh. and Fagus sylvatica L. The aim of the research is to demonstrate differences in the formation of bark water storage capacity between species and to identify factors influencing the hydrological properties of bark. The maximum water storage capacity of bark was determined under laboratory conditions by performing a series of experiments simulating rainfall and by immersing bark samples in containers filled with water. After each single experiment, the bark samples were subjected to gravity filtration in a desiccator partially filled with water. The experiments lasted from 1084 to 1389 hours, depending on the bark sample. In all the studied species, bark sampled from the thinnest trees is characterized by the highest water storage capacity expressed in mm H 2 O · cm -3 , while bark sampled from the thickest trees -by the lowest capacity. On the other hand, bark sampled from the thickest trees is characterized by the highest water storage capacity expressed in H 2 O · cm -2 whereas bark from the thinnest trees -by the lowest capacity. In most species tested, as the tree thickness and thus the bark thickness and the coefficient of development of the interception surface of bark increase, the sorption properties of the bark decrease with bark depth, and the main role in water retention is played by the outer bark surface. The bark of European beech is an exception because of the smallest degree of surface development and because the dominant process is the absorption of water. When examining the hydrological properties of bark and calculating its parameters, one needs to take into account the actual surface of the bark of trees. Disregarding the actual bark surface may lead to significant errors in the interpretation of research results.
IntroductIon
Bark is structurally much more complex than wood. Bark includes all tissues outside the cambium, including the inner living phloem and dead outer tissue (rhytidome) (Pallardy 2010) . The outer bark is affected by external weathering processes and tangential strain, which produce fissures and ridges of the surface (Whitmore 1962) . The periderm and weathering processes control the sloughing of the bark and hence also its surface texture and colour. Bark is an effective defence against fire (Harmon 1984) . Bark thickness is often an important factor, decisive about the survival of a tree in a fire (Hengst and Dawson 1994; Pinard and Huffman 1997; Barlow et al. 2003; Hoffmann et al. 2003; Bauer et al. 2010) . The periderm provides protection from mechanical injury (Pallardy 2010) . Bark limits the diffusion of water, oxygen and CO 2 between the vascular cambium and the atmosphere. The strength of this limitation can increase with the thickness of bark and the degree to which bark is impregnated with suberin, lipids and waxes (Lendzian 2006; Teskey et al. 2007) . Bark is rich in organic nutrients and is a target of many different organisms, including insects, vertebrates, fungi and bacteria (Franceschi et al. 2005) .
Plant interception is a significant component of the water balance of forest ecosystems. The ability of plants to retain water, amounting to 10-30% of the entire rainfall, has been indicated by Blake (1975) and Webb (1975) , while Calder (1999) states the interception value even amounting to 50%. Similarly, Tsiko et al. (2012) indicate that the interception of water on the surface of plants and litter can constitute a total of 37 to 50% of all rainfall. According to Keim et al. (2006) , rainwater retention is influenced by the morphological properties of plants. Crockford and Richardson (2000) regard the ability of the crown to retain water as the key feature affecting the size of interception.
A small number of studies have shown that the bark of trees plays a significant role in the interception of rainfall (Levia and Herwitz 2005; Valová and Bieleszová 2008) . The water capacity of stems and branches depends on bark tissue properties, such as its thickness, texture and surface roughness, which change along with tree age (Liu 1998; Pypker et al. 2011) . Van Stan et al. (2016) studied the bark structure of beech and oak trees showing that, while a difference between species could be found, intraspecies differences in bark structure were statistically not detectable. Differences in water capacity and roughness of the bark of different species of forest trees affect the amount of stemflow production (Návar 1993; Aboal et al. 1999; Levia et al. 2010; Van Stan and Levia 2010) . Herwitz (1985) indicates that the bark surface, regardless of its structure, may provide from 50 to 80% of the total plant interception capacity. Llorens and Gallart (2000) studied Scots pine Pinus sylvestris L. in order to estimate that the needles can retain from 0.043 to 0.104 mm of water, while the surface of branches and stems may intercept about 0.620 mm of it. Liu (1998) also showed that the bark of Taxodium ascendens Brongn. and Pinus elliottii Engelm. has a higher water capacity than the leaves. Levia and Wubbena (2006) , who studied eastern white pine (Pinus strobus L.), also found the vertical variation in the bark water capacity: in the lower part of the stem the bark retains approximately twice as much water as in the upper part.
Given the significant share of bark of trees in the interception of rainwater, the subject of present research are the hydrological properties of bark of selected species of forest trees. The aim of this study is to determine the maximum water capacity of the bark of stem at breast height (1.3 m) for various species of forest trees, and to attempt to answer the following questions: (a) does the ability to retain rainwater by tree bark vary significantly between different species? (b) do the changes concerning bark surface and thickness and progressing with an increase in breast height diameter of a tree affect the bark water storage capacity?
MAterIAl And Methods

The research area
Bark samples were collected in the Trzebunia Forest Subdistrict, located in the area of Myślenice Forest District (Regional Directorate of the State Forests in Krakow), situated in the southern Beskid Makowski in southern Poland. The samples were obtained from the bark of the trees growing on the mixed mountain forest habitat, on an eastern slope within the altitudes from 650 to 700 m.
The scope of research
The study included seven species of forest trees: Pinus sylvestris L., Larix decidua Mill., Abies alba Mill., Pinus sylvestris L., Quercus robur L., Betula pendula Ehrh. and Fagus sylvatica L. The bark samples were obtained during the summer of 2011. The samples were collected using a chisel, a saw and a knife from the stems of living trees at the breast height (1.3 m) by cutting possibly rectangular pieces of bark. The bark samples were collected for each species from trees with thickness ranging from 5 to 60 cm. Because the bark samples were obtained from trees growing under the same site conditions, the elaboration of the results was based on the assumption that tree thickness is the measure of their age. A total of 71 bark samples were tested, including 43 samples of bark of conifers and 28 deciduous tree bark samples. The number of samples of individual tree species was given in a study by Ilek and Kucza (2014) .
Preparation of samples for analysis
Prior to testing, the bark samples were dried at 35°C. During the drying, the samples were control weighed every 4 hours until the time when drying no longer resulted in weight loss of individual bark samples. The weight of samples after drying at 35°C was the initial weight of the bark m s . Then, all side surfaces and the inner surface of the samples were covered with a layer of silicon, applied in such a way that, during the experiments, water was absorbed only by the outer layer of the bark. Next, the samples were dried again at 35°C until the silicone dried and they were reweighed to determine the dry weight of the insulating layer of individual samples.
Determination of the maximum water storage capacity of the bark under laboratory conditions
Experiments designed to determine the maximum water storage capacity of the bark of forest trees were divided into two successive stages. The first stage consisted of several series of experiments which involved spraying the bark samples with simulated rain. The simulation was carried out using a pressure sprayer with the smallest possible droplet size, over a period of one hour. The second stage was the continuation of the first one, and consisted of several series of experiments involving the immersion of bark samples in containers with water for a period lasting from 10 to 72 hours.
The experiment showed that the maximum water storage capacity would be easier to obtain by performing, in the first stage of the experiments, a gradual soaking of the bark samples by means of spraying and drainage. The external conditions of those experiments allowed free and natural absorption of water by the bark. When the amount of water absorbed by the samples after a single rainfall simulation was no longer significant, the second stage of the experiments was launched.
Every single experiment (simulation or immersion) with number i started by weighing the bark samples in order to determine the initial sample mass m i. Then, in the first stage of the experiments, the samples were set vertically on a rack and subjected to an hour of rainfall simulation; whereas in the second stage, the samples were inserted into containers filled with water for a period lasting from several to several dozens of hours. The vertical position of the samples during the rainfall simulation allowed gravity drainage of excess water from the surface of the bark. After completion of a single experiment (simulation or immersion) and wiping the silicon-sealed bark surfaces, the samples were placed in a desiccator partially filled with water, in which the relative air humidity was about 100%. In the desiccator, the samples were placed vertically and subjected to gravity filtration. Storing the samples in a desiccator ensured the elimination of evaporation of water from the surface of the bark between successive experiments and its absorption into the bark tissue. After gravity filtration, the bark samples were weighed to determine their final weight M i , which was also the initial weight of the bark m i+1 before the next experiment i+1. Disregarding gravity filtration in the calculation of increase in water reserve could make the obtained measurement results significantly higher due to temporary detention of water on the surface of bark samples after a single experiment. The increase of permanent water reserve in the bark after a single experiment was calculated by means of the formula:
where: ΔS i -the increase of permanent water storage in the bark following the i-th experiment (g);
M i -the final mass of samples of bark following the i-th experiment and gravity filtration (g); m i -the initial mass of bark samples before the i-th experiment (g).
The experiments lasted until further immersing of the samples in water no longer caused bark weight gain in comparison with the previous experiments, i.e. until the bark reached the state of maximum filling with water.
The total water reserve in the bark after a series of experiments of rainfall simulation and immersion of the samples in water was calculated using the formula:
where: S -the total water reserve in the bark (g); S 0 -the initial reserve of water in the bark after the samples were dried at 35°C (g); ΔS i -an increase of the permanent water reserve in the bark following the i-th experiment (g).
The initial reserve of water S 0 (g) in each bark sample prior to the beginning of the experiments was calculated using the formula:
where m s -the initial mass of the bark sample after drying at 35°C (g); M s -the dry mass of the bark sample after drying at 105°C (g).
Calculation of the parameters of bark
Analysis of the maximum water capacity of bark of the selected species of forest trees was based on the parameters of individual samples of bark, which included the actual surface A d and the model surface A, volume V and bark thickness H.
) of the bark includes all irregularities, cracks and cavities of bark sample and can be calculated according to the formula (Ilek and Kucza 2014) :
where: A -the model surface of a bark sample (cm 2 ), corresponding to the surface of the cylinder slice; C sd -the coefficient of development of the interception surface, describing the level of development of the outer bark layer of the trees.
The method of calculation of the model surface A and the coefficient of development of the interception surface of the bark C sd was presented by Ilek and Kucza (2014) .
Bark volume V (corresponding to maximum water storage capacity) was determined using the method of instantaneous displacement of water in a measuring cylinder.
Bark thickness H (cm), which takes into account the degree of irregularity of the outer surface of the bark, was calculated using the following formula:
where: V -the volume of a bark sample (cm 
Measurements of the maximum water storage capacity of bark
For the comparison of water retention capability of the bark of various species of forest trees, we used three measures describing the total water reserve in the bark obtained after the experiments: a) the maximum water storage capacity S v expressed in millimetres of water in 1 cm 3 of a bark sample calculated using the equation:
where: 10 -a factor of conversion into mm of H 2 O. b) the maximum water storage capacity S Ad expressed in millimetres of water per 1 cm 2 of the actual bark surface, calculated using the equation:
c) the maximum water storage capacity S A expressed in millimetres of water per 1 cm 2 of the model sur-face of individual bark samples, calculated using the formula:
Data analysis
All statistical analyses were conducted with STATIS-TICA 10 (StatSoft 2011). The analysis of significance of differences in the bark water storage capacity S v and S Ad between different species was performed using oneway variance analysis ANOVA and Tukey's post-hoc analysis, on the significance level α = 0.05. The study examined the relationship of breast height diameter, bark thickness and tree species with maximum water capacity of bark S v and S Ad . Analyses were performed using the multiple regression method. For the purposes of calculations, in the water capacity models S v (Eq. 10 and 11) and S Ad (Eq. 12 and 13), individual species were introduced as dummy variables, converting them into six zero-one variables: Pine, Larch, Fir, Oak, Birch and Beech. Spruce bark was adopted as the auxiliary group, constituting the reference group in the interpretation of the model parameters. Collinearity of the variables was assessed using the variance inflation factor (VIF):
where: R j 2 -the coefficient of determination of the variable X j for the other explanatory variables included in the model.
The selection of best model was based on the standard error of estimation, the share of variance explained by the regression model (R 
results
The duration of experiments designed to determine the maximum water capacity of the bark of forest trees ranged from 1084 to 1389 hours, depending on the bark sample, wherein the total rainfall simulation time and the time of sample immersion in water ranged from 598 to 812 hours, and the overall time of draining the samples lasted from 486 to 577 hours.
The maximum water storage capacity S v
Norway spruce and European beech are characterized by the highest average water storage capacity of bark S v expressed in mm H 2 O · cm -3 whereas Scots pine, European larch and common birch -by the lowest capacity (Fig. 1) . Based on the analysis of variance and Tukey's post hoc analysis, significant differences were found in the mean values of capacity S v between spruce and pine (p < 0.01), spruce and larch (p < 0.01), spruce and birch (p < 0.01), beech and pine (p < 0.01), beech and larch (p < 0.01), beech and birch (p < 0.01) and between oak and larch (p = 0.04). The maximum water storage capacity of bark S v shows a clear relationship with the tree diameter at breast height (Fig. 2 ). Among all species tested, the highest water storage capacity S v characterized the bark obtained from the thinnest trees and the lowest -the bark obtained from the thickest trees. The equation describing the dependence of maximum water capacity of bark S v (mm H 2 O × cm -3 ) on the tree diameter at breast height (cm) as well as on the tree species explains about 88% of the variability of this trait (Table 1) :
where: δ i -a parameter for the i-th species, and species variables assume the value 0 or 1 depending on the species for which the water capacity is calculated. 
The values of δ parameters for particular species, together with estimation of their significance, are presented in Table 1 (Eq. 10) and in Table 2 (Eq. 11). Based on the t statistics, it was found that the parameters of the analysed regression models differ significantly from 0 (Tab. 1 and 2). Partial correlation values confirm that a large part of the variability of water storage capacity S v is explained by tree species as well as by the tree diameter at breast height (Eq. 10) and bark thickness (Eq. 11). Based on the variance inflation factor (Tab. 1 and 2), it can be concluded that the independent variables applied in equation 10 and 11 are not redundant, which confirms their direct relationship with the bark water storage capacity S v . The maximum water capacity S Ad and S A
The maximum water capacity of bark S Ad and S A expressed in mm H 2 O · cm -2 of the developed bark surface A d and the model bark surface A in all the examined tree species are also related to the breast height diameter (Fig. 3) . The largest values of water capacity S Ad and S A characterize the bark obtained from the thickest trees while the smallest values -the bark obtained from the thinnest trees. It is worth noting that the bark water capacity S A assumes very large values as compared with the capacity S Ad , which takes into account the actual surface of the bark of individual samples. These differences are particularly evident among species with high dynamics of changes of the coefficient of development of the interception surface of bark C sd along with the thickness of the trees (Ilek & Kucza 2014) , which include Scots pine, European larch and common birch. In the case of European beech, in which the coefficient C sd of the bark does not undergo large changes with the growth of tree thickness, the differences between water capacity S Ad and S A are small. In our opinion, the use of the actual bark surface in this type of research is more correct methodologically and that is why further description of the results concerns only the maximum water storage capacity S Ad .
The highest average value of water capacity S Ad characterizes the bark of common birch and pedunculate oak, while the lowest -the bark of European beech (Fig. 4) . On the basis of the analysis of variance and Tukey's post hoc analysis, significant differences were found in the mean water capacity of bark S Ad between beech and oak (p < 0.01), as well as beech and birch (p = 0.03). Among other species, there was no significant difference in the mean values of the maximum water capacity S Ad . 
where: δ i -the parameter for the i-th species, and species variables assume the values 0 or 1 depending on the species for which the bark water storage capacity S Ad is calculated.
Similarly, the dependence of water capacity S Ad (mm H 2 O · cm -2 ) on bark thickness H (cm) and the tree species was described by an equation which explains 96% of variability of this trait (Tab. 4):
The values of the δ parameters for particular species, together with estimation of their significance, are presented in Table 3 (Eq. 12) and in Table 4 (Eq. 13).
dIscussIon
In the course of experiments on the water storage capacity of forest trees, the total time of contact of bark samples with water ranged from 24 to 35 days, disregarding any breaks between subsequent experiments. Although that time may seem to be long, it was necessary in order to achieve the state of maximum water capacity by particular bark samples. The long time of experiments indicates the complexity of the processes of filling the bark retention container. Paine et al. (2010) showed that total bark thickness is dependent on rhytidome thickness. Given the strong dependence of bark thickness H on the breast height diameter of trees for particular species (Fig. 5) , the decrease of maximum capacity of the bark S v with the thickness (age) of trees may be caused by a decrease in the absorption capacity of the bark along with its increment in thickness. In the early years of tree life, bark probably has great sorption potential and water can be absorbed by the whole volume of the bark. However, in a certain period of life of the trees, the bark sorption capabilities decrease deeper inside, or even disappear completely, and the central role in rainfall retention is played by the outer bark layer. In connection with an increase of bark thickness H along with increasing thickness of the tree, thereby increasing the bark volume, the maximum water storage capacity, expressed in units of volume, results in values decreasing with the breast height diameter of trees. Interspecies differentiation of bark water storage capacity has also been shown by Valová and Bieleszová (2008) . They noted that the bark of apple-tree (Malus sp.) with the stem circumference of 100 cm retained 0.886 g/cm 3 whereas birch (Betula pendula Ehrh.) with the same circumference was able to retain only 0.342 g/cm 3 . Similarly, Levia and Herwitz (2005) showed differences between the bark water storage capacity of birch (Betula lenta L.), hickory (Carya gabra Mill.) and oak (Quercus rubra L.). Some authors point to differences in the anatomical structure of bark, both between different tree species (Chattaway 1953; Howard 1977; Franceschi et al. 2005) and within a single species (Quilhó et al. 2000) . Yáñez-Espinosa et al. (2001) state that certain anatomical features of bark may be related to the adaptation of plants to the life conditions in a given environment. The anatomical structure of the bark of different tree species may be a very important factor affecting its water storage capacity as well.
In our opinion, a study of water storage properties of bark should take into account its actual surface A d . Not taking into account the actual surface in such considerations may cause large errors in the interpretation of research results, especially for bark with large values of coefficient C sd . For example, the water capacity S A of larch bark sampled from a tree with the breast height diameter of 58 cm is 8.44 mm · cm -2 while the water capacity S A of oak bark (DBH = 56 cm) is 8.15 mm · cm -2 ; therefore, when interpreting the results, we find that larch bark has a larger capacity of rainfall retention (Fig. 3) . However, if the calculation of the water storage capacity takes into account the actual bark surface, it appears that the maximum water capacity of larch bark S Ad is 3.30 mm · cm -2 , whereas for oak bark it is 4.74 mm·cm -2 ; therefore, it is oak bark that has a higher water retention capacity than larch bark.
As trees age, subsequent periderms may arise at successively greater depths, thus causing accumulation of dead tissues on the surface of the stem and contributing to the formation of rhytidome on rough-barked species or simple outer bark on smooth-barked species (Biggs 1992) . Given the increase of coefficient of development of the interception surface of bark C sd along with thickness of the trees (Ilek and Kucza 2014) , the increase in bark water storage capacity S Ad (Fig. 3) with the diameter at breast height of trees in all the examined species may confirm the importance of outer bark surface in rainwater retention. Since the thinnest trees have a relatively lower level of development of their bark surface (Ilek and Kucza 2014) capacity S Ad and the main role in rainwater retention is played by sorption into the bark tissue. The thickest trees, characterized by high values of coefficient C sd (Ilek and Kucza 2014) , have the highest water capacity of bark S Ad where a large role in rainwater retention is also played by the very surface of the bark, apart from water sorption deeper inside. Bark roughness and the presence of numerous cracks with a high coefficient C sd mean that much of the retained water can be adsorbed directly on the surface of the outer bark. The large differentiation in the water capacity of birch bark (Fig. 4) is probably due to the greatest dynamics of changes in the coefficient of development of bark surface (Ilek and Kucza 2014) and bark thickness (Fig. 5) along with tree age, found among all the examined species. The low water storage capacity of bark S Ad and the high water storage capacity S v of European beech bark may also confirm the importance of the outer bark surface in rainwater retention. In the case of beech bark, which has the lowest coefficient of development of the interception surface of bark C sd in comparison with other species (Ilek and Kucza 2014), a major role in water retention is probably played by the sorption of water deeper inside, while only a small amount of it is adsorbed on the outer bark surface.
suMMAry And conclusIons
When studying the water storage properties of the bark of forest trees and calculating its parameters, one should take into account the degree of development of the outer bark surface of trees. Disregarding the actual bark surface may cause significant errors in the interpretation of research results.
The results of the present study indicate that the absorption of water into the bark tissue decreases with an increase in tree thickness, and thus with bark thickness, and that an increasingly important role in retaining rainwater is played only by the outer surface of the bark, the development of which is dynamic and progresses with tree age. The calculations of total water retention in the bark per unit of the actual bark surface of individual samples indicate no significant differences in the water capacity between the different species, which may also confirm the importance of outer bark surface in water adsorption. European beech is an exception, as it has the lowest degree of surface development and because the absorption of water into the bark tissue is probably the dominant process in this species.
The results of the present research show changes in water storage capacity of the bark occurring with an increasing age of trees. This suggests that the water storage capacity of the bark will also vary along a single tree stem, similarly to the differentiation of bark thickness and the degree of surface development. Therefore, the verification of relationships described in this study should be conducted for each species along the entire length of the stem, with more numerous samples. At the same time, research should be carried out on bark samples obtained from trees growing under optimal habitat conditions for a given species.
